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FOREWORD
This technical report presents the results of work
performed by personnel of Lockheed Missiles & Space
Company, Huntsville Research & Engineering Center,
while under contract to the Aero-Astrodynamics Labora-
tory of Marshall Space Flight Center (MSFC) Contract
NAS8-21285. This task was conducted in partial fulfill-
ment of contract requirements.
This work was monitored by Mr. E. B. Brewer of the
Aero-Astrodynamics Laboratory.
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SUMMARY
This report documents base and exhaust flowfield data that were collected
throughout a scaled model test series, performed to investigate two configura-
tions of multi-nozzle rocket engines operating at high altitudes. The tests were
designed to provide data to facilitate a general analysis of complex flow fields
about multinozzle rocket base configurations. The report is divided into two
i major sections. The four-nozzle model experiments are ciscussed in the firstV	 half of the report and the five-nozzle model in the second hall.
Three subsections of the four-nozzle discussion present the test results
according to the measuring devices used; i.e., pressure; hot wire and laser
velocimeter.
The pressure data of the first subsection were taken in an attempt to re-
solve anomalistic observations of an earlier investigation of Brewer and Craven.
I The hot wire data that v rere taken in which the four-nozzle model was
used are presented in the seccnd subsection. In obtaining these data, explora-
tory measurements using the hot wire were made along the model centerline
to supplement the pressure data of the previous section. Additional hot wire
data were taken in regions of the four, nozzle model that were not considered
in Brewer and Craven's earlier investigation.
A phase of the four-nozzle test, in which a laser doppler technique for
cete-rmining flow velocity was applied, is discussed in the third subsection.
The doppler instrument has beer. used successfully in less demanding flow
fields, but it did not perform u-. operly it this test. The test apparatus and
the areas in which problems were encountered are discussed.
iii
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The five-nozzle data in the report are also presented in subsections
according to the measurement used in the test, i.e., flow visualization,
pressure and hot wire. After this report was completed an obstruction was
found in the stilling chamber of the five-nozzle model. The obstruction may
have influenced the data obtained from the five-nozzle- experiments.
In the flow visualization section, an oil flow technique is discussed that
provides an indication of the nozzle exhaust and base flow activity. The tech-
nique is discussed in an appendix.
iv
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NOMENCLATURE
Symbol Quantity
I current (amp)
M Mach number
P pressure (psis)
R resistance (ohm)
S distance between the nozzle exit plane and the diffuser
inlet plane (in.)
T tempe ratur e
V voltage
v velocity
X port (starboard model coordinate)
Y vertical model coordinate
Z axial model coordinate
a angle of attack of impact probe (deg)
S alignment error of static probe (deg)
Subscripts
1 refers to condition upstream of normal shock
2 refers to condition dow,:.3tream of normal shock
o refers to stilling chamoer condition
I impact
C refers to cell (ambient) conditions
S static
X
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Section 1
INTRODUCTION
A recc ,nized limitation to the design optimization of high altitude multi-
nozzle vehicles is the lack of an analytic development which will describe the
heat transfer mechanism acting between the vehicle exhaust and base. The base
environment of such a vehicle is a composite function of the thermodynamic and
aerodynamic properties of the rocket gases, the nozzle geometry and the ambient
environment. Analytical models which will adequately describe the base flow
phenomenon for multinozzle engines have not been developed, requiring that
design criteria be obtained from experimental data. Experimental data in
such complex flow fields are difficult to resolve and are affected by interfer-
ence introduced to the flow field by the measuring devices and the inherent
limitations of the devices, i.e., frequency response, resolution, etc.
This report documents the experimental data which were obtained in a
series of cold flow wind tunnel tests using a four- and five-engine model rocket
base configuration. Each configuration was investigated at three nominal
ambient-to-chamber pressure ratios of 20, 25 and 35 x 10 -4 . The report is
divided into two parts according to the configuration tested. Standard wind
tunnel instruments were used in the test series and, although the data reflect
the inadequacies of the instrumentation, the measuring techniques are cur-
rently the best available.
After this report was completed the test cell was inspected and an ob-
struction was found in the inlet cf nozzles 1, 4 and the center nozzle. Closer
examination showed the obstruction to be a portion of the diffusion screen.
The screen fixed to the stilling chamber inlet had fatigued and broken loose
from the screen support. The nozzle attachment plate is shown in Fig. 1
as the attachment plate was removed from the test cell. The screen is shown
lodged at the nozzle inlets, in the position it occupied during the test.
I
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Pressure instrumentation and hot wire anemometer techniques were used
extensively to explore the flow field of each model. Two types of pressure data
were obtained for each of the model configurations. Static and impact pressure
measurements were made in the base flow region for each model, and static
pressure measurements were made in the plume of the center nozzle for the
five-nozzle model. Up to four types of information were recorded from the
hot-wire measurements. They were: (1) turbulence data; (2) wire current
versus position data for three different values of current (referred to as dR/dI2
raw data); (3) high overheat data (referred to as hot wire coordinate data); and
(4) cold wire data.
In addition to the instrumentation basic to each model, a laser doppler
velocimeter was used in the four-nozzle flow field in an attempt to measure
the mean velocity vector. Numerous problems were encountered in this appli-
cation, however, after the velocimeter is developed it should be possible to
determine the turbulence and mean velocity for differential flow elements of
complex flow fields without disturbing the flow.
A flow visualization method was used in the five-engine model b placingg	 YP	 g
thin metal plates, spotted with oil drops, in the planes of flow symmetry. In-
teresting qualitative data resulted from the oil patterns.
tThe data in this report are referenced by a number composed of the month,
day and data group, respectively. The test facility and model used in performing
:s
the tests have been described by E. B. Brewer and C. E. Craven (Ref. 1) and T. F.
Kascoutas, and C. E. Craven (Ref. 2), and are not described here, except to say
that conical nozzles are used in both model configurations with a 3.11 area ratio
and a 2.67 in. exit diameter. The four nozzles are equally spaced about a 6.6 in.
diameter circle. In the five-engine model, an additional identical nozzle is
located at the center of the four-nozzle pattern. The external shape of the
nozzles is cylindrical, and a heat shield is fixed 2.0 in. from the nozzle exit
plane. The model was positioned so that the distance between the nozzle exit
plane and the diffuser inlet was -0.125 in. (This distance is referred to as
S in Ref. 1.)
2
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Section 2
FOUR-NOZZLE MODEL
2.1 PRESSURE DATA
Pressure data were taken in the base flow region of the four-nozzle
model. The data were taken as supplemental data to substantiate two obser-
vations concerning the reverse jet pressure data reported in Ref. 1. Those
earlier data show that:
• The total pressure peaked two inches from the heat shield
along the Z axis.
• Static pressure fell below cell pressure along the Z axis for
regions within the plume impingement and the heat shield.
Figure 2 shows the previous data (Fig. 30 of Ref. 1) along with current
data. A sketch of the static probe which was used to make the measurement is
included on the figure drawn to the scale of the abcissa and is inserted to show
the relative size of the static orifice in relation to the pressure gradient. The
static probe is shown in detail in Fig. 2.
The impact pressure data for the two periods show a mean agreement
of +0.0125 psia. A variation in probe position of +0.025 in. (an accumulated
position error of 0.05 between test) could account for the disagreement in im-
pact pressure. Similarly, a comparisonof the static pressures for the two data
sets shows a mean variation of +0.01 psis. Again a variation in probe alignment
of +0.025 inch could account for the disagreement- in static pressure. Additionally,
the accuracy of AEDC pressure system is specified as +0.003 psia which is a
nominal 2516 of the observed variations for each measurement. Certainly, a
combination of probe alignment error and system error exists.
Error in probe location, or alignment, occurs from errors in the mea-
surement of pro; ,e position with respect to a reference point located on the
3
LMSC/HREC D148854
c.
rJ
O
to
O
Ir	 s.
0
CL
4
LMSC/HREC D158854
2.0
o
'_
I
I
-I^
.
I}
-=
I
41
I
—
Ptl/po - I
`^ ';	 q ace of b &tic	 robe
0:
d
w 1.0
v4
a
Ce11JPressur-
0.0 •	
{
1.0
	 2.0
	 3.0
	 4.0
Z (in.)
Drawing not to scale
'h	
r D
T.
M	 N	 d
i
R
Sym	 Dimension (in.)
D	 0.300	 NOTES: 1. Assembled with silver solder
M	 3/32	 2. Disc beveled 830 deg referenced
N	 1/ 16	 to centerline
R	 7/8
T	 0.010
d	 0.047
Fig. 2 - Pressure Distribution along the Reverse Jet
of the Four-Nozzle Model
5
t_
1I
I
LMSC/HREC D148854
model. The position accuracy is also limited by the linearity of the electro-
mechanical probe positioner (survey unit). Experience has shown that the
probe can be positioned within +3 x 10 -3 in. of the point of measurement.
Cell pressure is indicated on the figure by the dashed line.
Some conclusions may be drawn from the test:
• The static pressure is observed to be lower than the cell pressure
within regions of the -reverse .jet.
• Greater care must be taken, considering both instrument accuracy
and pressure probe mounting, to show the existence or non-existence
of a total pressure variation as observed in Ref. 1.
The static probe is radially insensitive toflow direction except for those
flow angles where the probe lies in its support wake. The probe must be aligned
so that the flow is parallel to the disk. An angle of attack causes an error in
the measurement. The calculated probe error is shown in Fig. 3 where error
is plotted as Mach number varies for various angles c F attack 6. The error,
assuming supersonic flow, is due to a compression or expansion wave located
at the probe leading edge. Since flow through weak shock waves approximates
an isentropic compression, errors may be calculated by regarding them as
reversed Prandtl-Meyer expansions. From Ref. 3
P2
	Y'M2	 P2	 M2
1 -	 ^M; -- = 1 +
	 — 6 (0.02443)Pl	 M2 - 1	 Pl	 M2 - 1
where 6 is an angle in degrees.
The figure shows that the error can be severe if care is not taken in
alignment or if the probe is positioned outside the symmetric plane. Experi-
ence has shown that the probe can be aligned within + 1 degree of the desired
angle.
6
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2.2 HOT WIRE DATA
The four-nozzle wire data test conditions and figure numbers are sum-
marized in Table 2-1. The cell-to-chamber pressure ratios shown in the
table represent the nominal values about which all of the four- and five-nozzle
model flowfield investigations were made. Those pressure ratios at whicr
data were not taken are included in the table to provide continuity of the data
format.
A constant current anemometer was used for all of the hot wire tests.
The unit discussed in Ref. 2, is model 6401 transmetrics system available
from Flow Corporation*. The hot wire data were, in general, recorded
with an x - y recorder. The output of variable potentiometers, attached to a
probe drive mechanism, determined the wire position within the flow field in
terms of the coordinates X, Y and Z. The electrical output of the potentiom-
eters provided a choice of the coordinate variable to be input to the recorder
abscissa. The particular coordinate chosen as the independent variable for
each data record is indicated in Table 2-1 under the heading "Position of Mea-
surement" (in the X, Y or Z column) as Variable. The ordinate of the data
records represents the voltage variations across the hot wire element. The
do component of the hot wire voltage was suppressed in order to realize an
adequate plotter response to the fluctuating voltage component. As a result
of the suppression, the hot wire voltage from the data records mu ,t be added
to the do offset voltage associated with each trace. The total series lead re-
sistance (cable resistance plus probe resistance) must also be subtracted from
the resistance calculated from the plotter traces before the data show the true
wire voltage variation. The value of resistance to be used for the cable cor-
rection depends on the probe used for the particular data record and will be
found on each record. The transmetrics anemometer may be operated in a
so-called 2-wire mode or 4-wire mode. Operation of the system in the 4-wire
* 127 Coolidge Hill Road, Watertown, Mass. 02172.
8
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mode. Operation of the system in the 4-wire mode supposedly circum-
vents the inconvenience of accounting for probe cable resistance. A close look
at the bridge circuitry, however, showed that this mode did not yield wire re-
sistance variations independent of cable length within the accuracy of bridge
measurements, but did, however, introduce a resistance that was a function
of cable resistance, and more importantly, hot wire resistance. Consequently,
the anemometer was used in the 2-wire mode. The technique of wire instal-
lation and details of the hot wire probe construction are discussed in Appen-
dix E. The hot wire was attached to hypodermic needles and the tempera-
ture at the point of wire attachment to the needles was measured with a copper
constantan thermocouple. The support t,mperatures for each of these traces
are shown in the figure following the hot wire trace. The symbols identifying
each temperature trace correspond to the associate wire voltage trace identi-
fication. The plotter pen displacement on these temperature plots is a linear
function of input voltage. The copper constantsn support thermocouple, however,
does not provide an output voltage linear with temperature for near ambient
temperature variations. The plotter was spanned from -0.67 mV, correspond-
ing to 00F, to 1.057 mV corresponding to 80 0F. An ice bath reference junction
was used. The plotter input provided 0 0F to 800F in 8 in. for "on line" approxi-
mations of the support temperature. A corrected scale was placed on each
temperature plot in 100F increments. The scale is based on circular 561 from
the National Bureau of Standards.
The wire calibration, for those data records where calibrations are re-
quired, are referenced in the summary data tables.
A review of the data by type is presented in the following discussion:
• Turbulence data
• dR/dI2 data
• Hot wire coordinate data
i
^ 10
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2.2.1 Turbulence Data
Turbulence data were taken on the Z axis, at the exit plane of the four-
nozzle model (see Table 2-1). A meaningful analysis of turbulence data depends
on experimentally establishing the function of wire resistance to wire overheat.
If during a test run, or during consecutive test runs from which a set of turbu-
lence data is recorded, the local stagnation temperature is not constant, the
data cannot be resolved. Figure 4 shows the current data of Run 416. The
current data are trivial but are presented in order that a comparison can be
drawn with the valid data of Run 901, taken in 1967 and reported in Ref. 1, in
light of the local stagnation temperature variation of each run for the two data
sets. The variations in local stagnation temperature are recorded in the table
insert of the figure.
The total temperature variations are associated with the model "cool
down" and the temperature variations inherent in the Arnold Engineering
Development Center (AEDC) air supply system. A test was conduct i to
determine the variation in stagnation temperature with time. A hot wire was
placed in the flow at the position X = centerline, Y = 1 in. above the centerline
and Z = 0.5 in. past the nozzle exit plane. A do current insufficient to heat the
wire was passed through the wire so that the wire acted as a resistance ther-
mometer. The results of the test are shown in Fig. 5. Only three data points
showing the model conditions were taken during the run and they were taken
without regard to time correlation with Fig. 5. The three data points, if they
may be considered to have been taken after startup, before shut down and at
midrun, show that the total temperature increased from P1 0F to 860F during
the run and suggest that Fig. 5 shows temperature variations due primarily to
the model cooling. Before turbulence data were taken, the model temperature
was allowed to ste ailize. The cauece of the variations in the AEDC air supply
was not known prior to September 1968. As a consequence, the e llccess of
prior turbulence data could not be predicted.
It was established during the September test entry that if the compressors
are replenishing the high pressure reservoirs during a test run, variations in
T will invalidate the turbulence data.0
11
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An interesting solution to the T0 variations could be to control the air
temperature immediately upstream of the model with an electric heater,
realizing the additional advantage of heated flow which would permit studies
to be made in the base region at.ambient- to- cell- pressure ratios that would
establish choked flow in the vent areas of the four-nozzle model.
2.2.2
	
d R/dI2
d R/dI2 hot wire data were taken along the model centerline according to
Table 2-1. This type data was acquired in the earlier four-nozzle test (Ref. 1).
The earlier data were taken by four traverses at different axial stations,
whereas the present data complements the previous data by traversing along the
model centerline. The transverses along the centerline were made at three
different wire currents. Each wire current provides a relation of wire re-
covery factor and heat transfer from the wire. Two wire currents are suffi-
cient to establish the relation and a third current is a redundant measurement.
With the quantity -Nusselt number and wire recovery factor experimentally
determined, the correlation of recovery factor and two-dimensional Nusselt
number with respect to Mach and Reynolds number of Dewey (Ref. 4) are used
to determine the flow properties explicitly. Heat loss from the wire to the wire
supports is accounted for by considering a support temperature term in the
differential heat balance equation. The heat balance equation for an infinite
wire contains a convective heat transfer term and an internal heat source term.
The data will be reduced by using the technique described in Ref. 1 and compari-
sons will be made with the data of that report. If wire currents exceeded 15 mA
the heat loss to the wire- support wa's,_ observed to -increase the temperature of
the wire support thermocouple. The heat loss to the support is determined by
the support thermocouple. Although the solution of the heat balance equation
should be valid at this condition it was discomforting to observe the phenomenon
and once observed the wire currents were chosen below the value which caused
the heating. Wire currents of 25mA increased the thermocouple temperature
by 6.OoF whereas a 15 mA current heated the tip thermocouple less than 1 deg.
The observation showed the importance of placing the thermocouple as close as
14
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possible to the point of wire attachment (in this case the thermocouple is the
attachment point). It is significant to note that the d R/dI 2 data at the high
overheats (large wire currents) may be used to supplement the high overheat
data (note Table 2-1). Figures 6 through 13 present the data obtained.
2.2.3 High Overheat Data
High overheat data were taken based on an observation of Demetriades
(Ref. 5) that hot wires operated at high current levels produce a voltage func-
tion much like a mirror image of the pitot pressure. During previous four-
nozzle tests, total pressure measurements were made with impact and static
pressure probes. These pressure measurements were restricted to the model
centerline and the wall jet where the flow direction was known. If the hot wire,
however, is placed in the plane of symmetry where the YZ plane bisects the
wire, the wire remrins radially insensitive to flow direction, and the probe
misalignment is restricted only by the probe to flow angles where the hot wire
is in the wake of its own support. This high overheat data listed in Table 2-1
j	 was taken to investigate the nature of the total pressure variation in the YZ
#•	 plane of symmetry near the plume impingement regions.
The high current traces of the d R/dI2 data listed in Table 2-1 are indica-
tive of the total pressure profile along the reverse jet.
Two aromolies have appeared in the reverse jet pressure data
1. A peak in total pressure is observed two inches from the heat shield(Fig. 1).
2. Static pressure is observed to increase while the flow is supersonic
and as the flow approaches the heat shield (Fig. 1).
The high current traces along the reverse jet show:
1. A peak in the total pressure is not indicated by the hot wire.
2. The reverse jet hot-wire traverse does not reveal perturbations
in total pressure that would signify a decay to subsonic flow prior
to the observed rise in static pressure.
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The high overheat data for the four-nozzle tests are presented in Figs.
14 through 19.
2.3 LASER DOPPLER VELOCIMETER
2.3.1	 Instrument
An attempt was made to determine the velocity of the reverse jet of the
four-nozzle model using a laser doppler instrument (laser velocimeter). The
velocimeter derives an electrical difference frequency from the heterodyne of
a reference oscillator (laser main beam) with the light scattered from the point
of measurement. The flow field is contaminated with micron-size particles
that move at the fluid velocity. The frequency shift of the scattered light
is proportional to the particle velocity and a function of the angle at which
the scattered light is collected. The heterodyne is accomplished by a photo-
multiplier and the difference frequency is determined by a frequency analyzer.
The velocimeter is discussed in Ref. 6. The instrument is shown; installed
at the test site, in Figs. 20 and 21. Figure 20 shows the photomultiplier/optic
;-	 (receiver) assembly. The assemble consists of three tubes identical to the
topmost tube of Fig. 20 (two tubes can be seen in Fig. 20). The center portioni
of the receiver collects the main beam of the laser which is optically diverted
to the photomultiplier and superimposed with the scattered light to produce the
heterodyne. Figure 21 shows the rear of the laser installed at the far side of
the test cell. The velocimeter (laser and receiver) can be moved as a unit to
allow different points within the flow field to be investigated.
The velocimeter did not perform satisfactorily during the test. The
instrument has, on other occasions, provided velocity data from less severe
flow fields and the experience obtained from this test should enhance the prob-
ability of obtaining data, using this model, during a planned future test entry.
One problem which occurred during the velocimeter test was that of the con-
taminate obscuring the observation ports. After each run had begun the con-
taminate would enter the reverse jet, exhaust through the model vent areas
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and impact upon the ports, requiring the ports be cleaned prior to each test
run. Only one entrance is available to the test cell and the port nearest the
laser is 3 ft from the cell access. The access door can be only partially opened
after the receiver assembly has been installed. It is difficult to clean the far
port. If the cell-to-chamber pressure ratio was large (Pc/Po <30x  10 -4), the
contaminate would not impact the ports. Increasing the ratio, however, re-
duces the reverse jet mass flow and Pc/Po ratios greater than 25 x 10 -4 did
not appear to provide a sufficient particle density to the scattering volume.
i	 The. ratio Pc/Po = 25 x 10 -4 was the operating condition used most for the test.n 	 Two devices were attached to the observation ports to restrict the contaminate
from the portion of the ports through which the laser beam and scattered signal
ipassed. The port nearest the laser was provided with a tube. The metal tube,
about 8 in. long and 3/4 in. in diameter, was placed inside the cell, normal to
the cell port, and a rubber seal was placed between the tube and port. The other
er.d of the tube was sealed and a small diameter hole (about 1/8 in.) drilled into
the end. A portion of the tube is shown in Fig. 22. The laser beam entered the
port, passed through the tube, and out the hole and continued through the cell.
In operation the contaminate exhausted through the exit area, approached the
relatively high stagnation pressure about the hole and was diverted from the
hole. The small portion of the port protected by the tube remained free of con-
taminate. The port nearest the receiver was required to pass the main laser
beam and the light from the scattering volume. This port was fitted with a
metal box with dimensions about 3 x 3 x 1 i in. The side of the box contacting
the port was opened and a rubber gasket sealed the box edge to the window. A
thin slit was placed in the other side of the box and a wedge fairing was placed
s	over the slit. The tip of the wedge was truncated so that the contaminate ap-
proached the wedge slit, sensed the relatively high stagnation pressure and
was turned from the box inlet. The tube and box apparatus reduced the amount
of contaminate that reached the ports and were quite effective. The window
shields were positioned by trial and error and had to be cleaned after three or
four runs. Figures 23 and 24 show the model after a contaminate run. An
interesting feature of the particle buildup on the model is the apparent stagna-
tion region occurring on the far nozzle shown by Fig. 24. All of the nozzles
exhibited this same particle buildup pattern.
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2.3.2 Contaminate System
Ammonia chloride (sal ammoniac) was used to contaminate the flow field
for the laser velocimeter test. Ammonium chloride has a density of 1.527 g/cc
(95.3 lbm/ft 3 ), and is formed from the gaseous reaction of hydrogen chloride
and anhydrous ammonia according to the chemical equation:
NH 3 + HCI = NH4C1
Ammonium chloride is a white crystal which ranks between 1.5 and 2 on Mohs'
hardness scale (talc and gypsum have a hardness of 1 and 2 respectively). The
refraction index of the solid is 1.639. Some other properties of ammonium
chloride are:
Molecular weight: 53.5
Melting point: 520°C
Boiling point: 337.8°C
Vapor pressure: lmm at 160.4°C (sublimes)
The size of the ammonium chloride particle was estimated by the Stokes ex-
periment to be l.2µ (Ref. 7). The Stokes experiment is discussed by
Dr. B. F. Barfield of the University of Alabama in a memorandum dated
1 August 1967 to Mr. Robert M. Haufaker, R-AERO-ATP, Marshall Space
Flight Center, Huntsville, Alabama. Dr. Barfield shows in his memorandum
that there is a good agreement between particle diameter (Dr. Barfield in-
vestigated the particle size associated with smoke, generated by a smoke
bomb), as determined by the Stokes experiment, and mean diameter as
measured from photomicrographs. An attempt was made to determine the
particle diameter of ammonium chloride using photumicroscopy; however, the
particles are strongly deliquescent (their size is expected to be a function of
relative humidity) and the photomicrographs showed the sample substance to
be composed of irregularly shaped agglomerates of widely varying mean diam-
eter. The smaller shapes appeared as globules of liquid, whereas the larger
agglomerates appeared as deliquesing crystals. The largest diameters of the
photographed substance were 25 µ and the average diameter of all particles
was estimated to be 5 p. Ammonium chloride disassociates to hydrogen
37
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chloride (HCI) in the presence of water, therefore the test cell was evacuated
as much as possible so that the model surfaces would not rust in the presence
of atmospheric humidity. After each night run, the cell was cleaned with a
vacuum cleaner and wiped with absorbent towels moistened with acetone. Be-
cause of the strong affinity which the substance has for moisture, a gas mask
was worn by personnel during cleanup operations.
'he NH4 CI was produced in the stagnation chamber by the mixing appa-
ratus shown in Fig. 25. The figure shows the nozzle attachment plate or "End
Be y'." which forms the downstream end of the stagnation chamber. The mani-
fot:_	 mixer assembly is shown installed on the side of the attachment plate
..	 .aces into the chamber. Flow occurs down through each nozzle inlet.
n ­:le nearest the scale is the number two nozzle, and along the diagonal
•	 nozzle configuration are the center nozzle and the number four nozzle.
Tha contaminate was introduced at nozzle inlets Nos.2 and 3 as the figures
show . The center nozzle was plugged for the four-nozzle test and the con-
taminate injection tubes protruding into the center nozzle inlet were capped
on the other side (cell side) of the plate. Particle deposition is observed in
the nozzle inlet of No. 2 nozzle (lower right). The absence of a particle buildup
in No. 3 nozzle substantiates an observation made of the seeded plumes where
it was observed that the No. 2 plume appeared to be seeded more than the No. 3
plume. It appears that No. 3 nozzle concentration was low, because of an aspi-
ration of the NH 3 feed line which caused No. 3 nozzle to exhaust a. HCI -rich
flow.
The required mass flow rate for the ammonium chloride was calculated
at 0.15 lbm/sec. The calculation was based on the assumption that a particle
concentration of 1 x 10 6
 particles per cubic centiineter, throughout the scattering
volume of the laser, is sufficient to obtain a doppler signal with the velocim-
eter. A discussion of the particle generator and flow rates is presented in
The coordinate system and nozzle identification are shown in Fig. 61, page 91.
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Ref. 6. Since the reverse jet consisted of a small portion of the total mass
flow the assumption was made that injecting the contaminate into two nozzles
and concentrating the contaminate near the inside of the exhausting flow would
provide the reverse jet source with the same particle availability as a uniform
injection from four nozzles.
In order to increase our confidence that sufficient particles would be
j	 available, the particle mass injection was increased by a factor of three and
a reference concentration level of 100 was assigned to this mass flow. The
mass flow teen, corresponding to 100% concentration, was 0.45 lb per second.
In a complete reaction the constituent gas quantity is determined from the
chemical equation
NH3 + HC1 = NH4
 C1 .
Some of the properties of the reactants are:
Ammonia Gas (NH3)
Colorless, Extremely pungent odor
Melt Point: - 77.70C
Boiling Point: - 33.350C
Density: 0.771 g/liter at OoC, 0.817 g/m1 at -79oC
Vapor Pressure: 10 At/m at 25.70C
Hydrochloric Acid (HC1)
Colorless Gas, Fuming liquid, strongly corrosive
Melt Point: - 114.30C
Boiling Point: - 84.80C
Density: 1.639 g/liter at 00C
Vapor Pressure: 40.0 At/m at 17.8.)C
The molecular weight of the reactants and product are 17, 26.5 and 53.5 re-
spectively; and 31.8% and 68.2% of the reactants form the product so that for
fractional concentration, based on the 100 010 level, the mass flow for the
constituent gases were
ii
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F
Concentration HCllbm/sec NH31bm/sec NH4Cllbm/sec
5 % 0.0147 0.0079 0.0225
10 % 0.0293 0.0158 0.045
15 % 0.1439 0.0237 0.0675
20 % 0.0586 0.0316 0.090
The 10% concentration provided a contaminate level, based on visual
observation, which was considered adequate. The gas supply consisted of 7
bottles of ammonia and 5 bottles of hydrogen chloride. The bottles of com-
mon gas were manifolded as Fig. 26 shows and provide available gas masses
of 280 lb and 300 lb respectively. For the runs in which the 10% concentration
level was used, 0.96 lb per minute of NH 3 and 1.8 lb per minute of HC1 were
consumed. A typical test run might last 4 min so that 7.2 lb of HCl were used.
After each run, however, the gas systE__: xas purged for one minute
with ammonia to ensure that as much of the HCI as possible would be neutra-
lized. The total NH 3 for an average run (4 min plus purge) was 4.8 lb. To
clean the test cell, a nitrogen purge followed the ammonia purge.
A schematic of the gas system is shown in Fig. 27; operating instructions
are given in Appendix A. Figures 28 and 29 show portions of the system; the
numbers on the figures refer to the schematic. The contaminate was regulated
by a control panel mounted above the test cell. Figure 29 shows the rear of
the panel, and the cell door suspended between the model and the front of the
control panel. The contaminate control ope. itor was situated atop the flange
shown in the lower right side of the figure. Figure 20 shows the velocimeter
receivers directly below the contaminate control panel. The close proximity of
the equipment required that the door be removed for access to the model.
The cell door was fitted with a safety interlock so that the c--ll could not
be connected to the vacuum pumps while the door was open. The value con-
trolled by this interlock was also required to be open before high pressure air
40
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could be applied to the model. Additionally, a safety interlock (part 3, Fig. 27)
was included in the system so that the contaminate control values could not be
opened if the cell were not connected to the vacuum pumps. There were objec-
tionable gas leaks in the contaminate system during the earlier test runs. On":
serious leak occurred at the NH 3 flowmeter (item 7), prior to the installation
of valve 11 (Fig. 27). Before the valve was installed, the flowmeter was con-
nected to a vacuum back pressure (a pre-run cell condition) which pulled an
11 0" ring seal from the flowmeter and opened the NH 3 to the test area. The
valve was installed, and at the end of a test run the valves were closed before
the run was terminated; that is, before the high pressure air was turned off
and the stagnation chamber pressure reduced to vacuum sphere pressure. A
Lfan was placed at the entrance to the test room (the test room exit was open) to
clear the area of gas if leaks should develop during a run. Each operator was
provided with a gas mask. After the leaks were sealed, the contaminate sys-
tem worked well. It was necessary to heat the ammonia bottles to obtain an
adequate vapor pressure. The bottles were warmed by a portable heater (lower
left of Fig. 26). The heat would not have been required if the test had been run
during the day.
The model and cell did not corrode as severely as had been expected.
The surfaces of the test cell interior were coated with cadmium according to
1.2.2.2 of MIL-STD-171. The treated surfaces were unaffected by the ammo-
/	 nium chloride, except where the surface had been scratched. The stainless
steel nozzles were also unaffected and a probe drive unit (xyz survey unit)
mounted in the upper portion of the test cell was largely unaffected by the cor-
rosive particles. Although the bulk of the particles was prevented fromreaching
the survey unit by a protective "dust cover," the surfaces were assumed to be
unaffected by the environment because of the materials used in the unit and the
finishing treatment which had been applied to the surfaces. Most of the unit
was constructed from al •.irninum alloy 2024-T351 per QQ-A-250-4 and the sur-
faces were treated with chromic acid to form an anodic finish according to
MIL-A-8625. The stainless steel portions of the instrument were also unaf-
fected. Untreated steel surfaces rusted.
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Section 3
FIVE-NOZZLE MODEL
3.1 FLOW VISUALIZATION
The wind vane (Ref. 2) used in the four-nozzle model to indicate flow
direction in the plane of symmetry, was not responsive in the base region of
the five-nozzle model. Thin metal plates were specked with a flourescent oil
as an alternative flow visualization method, and placed in the flow field. The
technique of plate preparation and processing is discusz9d i.-. the appendix.
The oil flow plates were used to obtain an indication of the reverse and lateral
flow field and more specifically, flow direction. The oil flow patterns are to
be used to aid the interpretation of the impact pressure data and hot wire data.
One of the first plates is shown in Fig. 30. This Y1.-.te was placed in the portion
of the XZ plane between nozzles 2 and 3. The portion of the pattern in the upper
left-hand corner appeared to be affected by the leading edge of the plate. An
additional plate was made which extended across the XZ plane of symmetry.
The resulting pattern is shown in Fig. 31. Apparently there were nu "leading
edge effects" since the pattern remained the same in the questionable area.
The "candle flame" pattern emanating from the nozzle was not expected. The
fact that the candle flame pattern was typical of all nozzles was verified by
placing an oil flow plate in the diagonal plane of symmetry (Fig. 32) across
nozzles 1, 5 and 3. The boundary layer flow direction apparently does nat
closely follow the inviscid flow, especially near the plume boundary. The
boundary layer is largely influenced by the local pressure gradient and tends
to flow along the gradient or "downhill." Since the nozzles are conical, the
pressure is a minimum along the nozzle centerline so that the boundary layer
flow tends to move toward the nozzle centerline, producing the candle flame
pattern. This analysis of the candle flame effect is substantiated by Fig. 33
which s?iows the locus of maximum and minimum static pressure distribution
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is
taken from the data of Fig. 40. The static measurements are discussed in
Section 3.2.1.
Most of the oil flow plates were mounted in the XZ plane ( the XZ plane
is a horizontal plane) so that the oil drops would not 'low due to their weight.
It was convenient on the other hand to mount the pressure and hot wire probes
in the YZ plane. Comparisons are made, in several instances, of oil plates
to pressure and hot wire profiles. There is no difficulty experienced in the
comparison since the flow field in the YZ plane is typical of that in the XZ
plane due to the model symmetry.
The static pressure gradients which exist in the base flow regions are
quite small as Figs. 34 to 37 show, and the oil flow patterns are believed to
be representative of the streamline patterns there.
3.2 PRESSURE DATA
An outline of the pressure data obtained during the five-nozzle model
test is presented in Tables 3-1 and 3 2. The data are discussed according to
type as presented in these tables.
3.2.1	 Static Pressure Data
Static pressure data were taken in the YZ plane of symmetry and in an
oblique plane of symmetry defined as the area between nozzles 2 and 5, lying
in the plane formed by the nozzle 2 and nozzle 5 centerlines. A curve was
drawn (based on the YZ plane static pressure data of Figs. 34 to 37) on the oil
flow grid of Fig. 38 to define the region in the YZ plane for which static pres-
sure is greater than. ambient pressure (area above the curve) and the region
below the curve for which static pressure is equal to or less than ambient (or
cell) pressure. Although the curve f(Pa) exists only from X ^z 1.4 in., to X Z 4
in., the implication of the data is that the static pressure is equal to ambient
pressure in the base region (Z = 2.0 in.) wherever not defined by f(P a). The
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Fig. 30 - Oil Flow Pattern
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Fig. 39 - Oil Flow Pattern
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Fig. 31 - Oil Flow Pattern
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Fig. 32 - Oil Flow Pattern
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Fig. 32 - Oil Flow Pattern
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Fig. '8 - P S = P a Contour in the XZ Plane
62
i
0.8
0.7
0.6
0.5
ro
m
a.
a^
a^
0.4
a
Cn
0.3
0.2
0.1
LMSC/HREC D148854
Run 629-13
0.0
0.0
	 1.0
	
1.5
	 2.0
Distance from Heat Shield, Z (in.)
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Fig. 41 - Location of the Static Pressure Distribution Traverse,
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static pressure data taken in the oblique plane of symmetry shown in Fig. 39
indicate that (like the four-nozzle reverse jet data) the static- pressure begins
to increase while the flow is supersonic.
Static pressure data were taken beyond the nozzle exit plane and through
J.
the nozzle plumes as indicated in Table 3-1	 The data, shown in Fig. 40,
were taken at the positions indicated by the oil flow overlay of Fig. 41. A
portion of the data is also shown in Figs. 42, 43 and 44 in which a comparison
is presented with a static pressure distribution calculated by the Lockheed
Method of Characteristics (MOC) program. The MOC program is based on
the assumptions discussed in Appendix B.
3.2.2	 Impact Pressure Data
Data were taken with the impact pressure probe shown in Fig. 45. Table
3-2 presents an outline of the data. A family of pressure curves (pressure vs
Z) were taken, at particular Y values, for four different probe angles (a = 0,
15, 30 and 45 degrees). The symbol a is the angle between the centerline of
the probe inlet and the Z axis (see Fig. 54). The location of the data tra-
verses is shown by the five constant Y lines on the oil floe overlay of Fig. 60.
It was necessary to take the data at different probe angles since the flow direc-
tion was not known in the YZ plane. Impact pressure tubes are relatively in-
sensitive to flow angle and the data shown in Figs. 46, 47, 48 and 49 suggest
that the 15-deg orientation produces in general the highest values of impact
pressure. The exception is the data at Y = 3.375 in. where the oil flow indi-
cates that a = 30 deg is the optimum pr )be angle. The oil flow substantiates
the choice of a = 15 deg as the optimum angle at the other four stations in the
YZ plane where impact measurements were made.
Data were taken normal to the YZ plane of zymmetry between nozzles
1 and 2 and are shown in Figs. 50, 51 and 52. These data are designated as
The plane of the probe disk was coplanar with the YZ plane.
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a=30°
Fig. 52 - Cross-Plane Pressure Data a = 300
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Fig. 53 - Coordinates of Cg^oss-Plane Pressure Data
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Fig. 53 - Coordinates of Cross-Plane Pressure Data
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Fig. 60 - Mach Num:)ejf4Profiles in the YZ Plane
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Fig. 60 - N9ach Number Profiles in the YZ Plane
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Fig. 62 - Pressure/Mach Number Profile in the
Oblique Plane of Symmetry of the Five-
Nozzle Model
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j	 "cross plane data." The YZ coordinates of the cross plane data are shown by
the circle symbols on the oil flow grid of Fig. 53. The solid line connecting
four of the circle symbols indicates the locus of the peak impact pressure
distribution as determined by the impact pressure data (Y7_, plane) for opti-
mum probe angle. The majority of the cross plane data were taken at the
location shown, along this "jet." The dashed line represents the sonic line
and is included to permit a comparison of these data locations with later data.
The cross plane data indicates that the flow is not symmetric with re-
spect to the YZ plane. Cross plane data were also taken between nozzles 1
and 4 to determine if the flow was symmetric with respect to the XZ plane.
These data are shown by the solid symbol in Fig. 50 and indicate that the flow
is not symmetric with respect to the XZ plane of symmetry. In examining the
cross plane data, it appeared that the actual flow symmetry occurred, on
average, 0.25 in. to the left of the YZ plane. The model coordinate system
is shown in Fig. 39. The transverses at the 0 deg probe angle (Fig. 46) were
made, 0.25 in. to the left and parallel to the YZ plane to attempt to place the
measurement in the actual plane of flow symmetry. A family of impact pres-
sure distributions (a = 15, 30 and 45 deg) were not obtained in this tranelated
plane and, in fact, the translated plane a = 0 is invalidated for two reasons:
1. The angle is incorrect for Z less than 3 in., based on the
oil flow data.
2. The pressure data (a = 0 deg) for Z greater than 3 in., is
less in magnitude than the pressure data at corresponding
Z values for a = 15 deg.
The oil flow shows a = 0 should be the optimum probe angle at Z greater than
3 in. This implies that the translated plane is no longer in the actual plane of
flow symmetry fort greater than 3 in.
The impact pressure data for all probe angles was used to calculate
Mach number profiles. One assumption was made that the static pressure
within the base region of the YZ plane was equal to cell pressure (see Fig. 40
and the discussion of the 5-nozzle model static meazllrc-Tnents, Section 3.2.1).
I
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Those Mach number profiles are shown in Figs. 54, 55, 56, 57 and 58. A
family of Mach number profiles, based on the optimum angle is indicated by
the oil flew pattern, is shown in Fig. 59. The most prominent feature of these
curves is the linear progression of the peak Mach number toward the heat
shield and outward away from the model. The velocity profiles are shown on
l	
the oil flow plate of Fig. 60. The dashed line on the figure indicates the sonic
(	 line. The Mach ni n'ler profiles in the plane of flow symmetry are probably
t	 greater (for Z c 3 in.) tiian those profiles the figure shows, due to the non-
j	 syrnmetry; although these prui'iles as taken within the YZ plane should be
representative of the velocity distributions.
The apparent origin of this base flow is from the vicinity of the point
iwhere the three plumes impinge (e.g., nozzles 2, 3 and 5). Since the impinge-
ment of the two outboard plumes (nozzle 2 and 3) result in an attached oblique
shock and a weak viscous flow reverse, one would conjecture that the flow
must originate from the impingement of the inboard and outboard plumes where
'	 the impingement results in a detached shock and a lateral "reverse" flow. This
lateral flow comes from both sides of the plane of symmetry and is turned —
' due to symmetry — into the plane of symmetry. This is pure conjecture, how-
ev--r. It might be noted that the wind vane did not "work" at all near the origir.
of this "jet," which is not suprising in light of the above flow model. It is im-
portant to note that this jet does not impinge on the heat shield.
Total pressure data were taken in the oblique plane of symmetry between
nozzles 2 and 5. One data traverse was made midway between the two nozzles
at an impact probe angle a = 90°. That data is shown in Fig. 61. A summary
of the oblique plane pressure data is presented in Fig. 62 along with the calcu-
lated Mach number. The data shows a "hump" in the total prc ssure similar to
that observed in the four-nozzle model reverse jet.
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3.3 FIVE-NOZZLE HOT WIRE DATA
The five-nozzle hot wire data summarized in Table 3-3 consists pri-
marily of the same type data that were recorded for the four-engine test.
Data were not obtained for the 20 x 10-4 pc/po ratio, however, nor were tur-
bulence de t% obtained during the five-nozzle test. Demetriades (Ref. 5) noted
"A great deal about the overall features of turbulent flows can be learned by
I	 making quantitative observations with the hot wire without need for calibration
or even correct knowledge of its sensitivity and time constant." With this
thought in mind, the initial five-nozzle data consisted of hot wire voltage pro-
files at a single wire current insufficient to heat the wire.
'
	
	
The cold wire resistance variations indicate (1) total temperature varia-
tions in the ba: e regi:;n, if wire recovery factor is constant; or (2) wire re-
covery factor variations in the base region as functions of Mach number and
Reynolds number; or (3) a combination of (1) and (2). From the analysis of
' four-nozzle model data, it appears that the plots are representative of re-
covery factor variations. These data are summarized as cold wire data in
Table 3-3 and are shown collectively in Figs. 74, 75 and 76.
The data records for the cold wire data prior to Run 628-5 are inverted.
In order to correlate the inverted data with the subsequent data, the start of
each trace must be added to the offset voltage, listed for each trace, to give
the mean wire voltage level, and then variati ns about this mean level (indi-
cated by the trace variations) are to be subtracted from the mean level. This
treatment of the data does not apply to the runs after and including Run 628-5.
Switched leads at the input of the plotter ordinate were responsible for the
'	 inversion.
The cross-plane data of Fig. 75 indicate that the flow from the nozzles
is not symmetric about the model geometry. The figure also infers that the
maximum wire voltage occurs on the nozzle 2 side of the plane of symmetry.
The anti-symmetry as discussed earlier was not deduced from these data,
however, but was first observed from the pressure data of Figs. 30, 51 and 52.
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Table 3-3
FIVE-NOZZLE MODEL HOT WIRE DATA
Position of Measurement
Run Figure pc/po NoteX y Z
Number Number (po = 60 psis)(in.) (in.) (in)
— 20 x 10-4
told Wire DataVariable 0.2--2.2 625 - 3 63 25x10 -4
AZ =02 -4 64
2.3-3.0 626 - 1 65 (No data were takenat the p /p	 ratios
AZ =  0.1 628 - 5 66 c	 o	 -4)o^ 20 and 35 x :0
- 6 67
- 7 68
- 8 69
Variable 2.375 1.1/1.3/1.5 627 - 8, 9,10 70
1.7/1.8/2.0 1 71
CL 1 .375 Variable 628 - 3,4 72
1.875 73
2.375
2.875
3.375
— 35 x 10-4
— _—
-420x 10 d R/d 2 Raw DataI1009 - 2(1) -4(i^ 5.375 Variable 77, 78 25 x 10 (No data were
taken at theCL 5.375 Variable 1009 - 6 (l ) 79, 80 35 x 10 -4
- 7 (1 20 x 10-	 Pc/PoCL 4.875 81, 82 ratio)
1/4 5.375 1017 -2 (2 83, 84
Variable 5.375 1.5 1018 - 1 (3 85, 86
4.375 1.5 - 2 j3 87, 88
4.375 2.0 - 3 (3 89, 90
3 875 2.0 -4(3 91,92
— 20x 10 High Overheat Data
Variable 1/1.5/1.8/2 1003 - 3 93, 94 25X 10-4 (No data were takenVariable 2/2.2/2.4/2.8 1004 -1 95, 96 at the p /p	 ratios of
c	 o
20 and. 35 x I O-4)
_
x 10
Run 1017- r. was made at x= 1/4" left of the model CL
NOTES: (1) Fig. D-5 is the wire calibration figure for these runs (page D- Ii).
(2) Fig. D-2 is the wire calibration figure for this -un (page D-8).
i	 (3) Fig. D-3 is the wire calibration figure for these: runs (page D-9).
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The do offset voltage listed for each trace must be added to the corre-
sponding trace as discussed in the four-nozzle hot wire data discussion.
Temperature scale for the plots of wire support temperature is not linear.
A discussion of the nonlinearity is presented in the four-nozzle hot wire
discussion. d R/d I 2 data and high overheat data ar 	 ummarized in Table
3-3. A discussion of these data types will be found in the four-nozzle model
i
Section 2.
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3.0i
0.0
.0L 2.0.1 .0
Distance from Heat Shield, Z (in.)
Fig. 72 - COI i W.re Data
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Sym Offset
mV
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X \'
(in.)
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O 3.55 1.0 1.375
q 3.59 1.875Q 3.65 2.375
3.73 2.875
Q 3.77 3.375
Run No. 628-4
pc /p0 = 25 x 10-4
p - = 60 psia
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Distance from Heat Shield,L (in.)
Fig. 73 - Cold Wire Data
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y^	3.0 inches
2.9
/	 2.8
2.7
2.6
T
0
	
	 I	 2	 3	 4
Dis tance from Center Nozale, Y inches (X at f_)
Fig. 74 - Hot-Wire Vcitage at I = 1.0 ma.
109
LMSC/HREC D148854
Run Numbers 627-8.-9,-10
Wire Diameter • .0002 inches
P c •25x10-•
Y
OI	 XI.0
2 0	 _ Z	 1.0 mv.
Lj	 I
Z•
2.0 inches
i.e
1.7
I`
13
0	 0.2	 6.4	 0.6	 0.8
Distance from Plans of symmetry, X, inches (Y n 1.0 inch)
Fig. 75 - Hot-Wire Voltage at I = 1.0 ma.
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oho	
210
oo
Distmice from Hoot Shield, Z, inches 	 ( X of q_)
Fig. 76 - Hot-Wire Voltage at I = 1.0 ma.
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Fig. 65 - Five-Nozzle Model d R/dig Wire Data
120
t 1.0	 0.0	 1.0
Y = 5.375 in.
Z = 1.5 in.I
I
i
1
1
1
1
1
I
I
I
1
l
I
60
20
10
0
1.0
	 0.0	 1.0
X Left	 ^,	 X R ight
X Position (ir.)
Fig. 86 - Five -Nozzle Model d R/dI 2 Temperature Data
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Fig. 87 - Five-Nozzle Model d R/dI 2 Wire Data
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Fig. 88 - Five-Nozzle Model dR/d1 2 Temperature Data
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Fig. 89 - Five-Nozzle Model dR/dI 2 Wire Data
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Appendix A
iGAS SYSTEM OPERATING INSTRUCTIONS
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Appendix A
Figure A-1 shows a schematic of the gas system to which the following
I
explanations are keyed.
09 : Relief Valve; valve is put into operation by admitting gas through
ithe loading manifold into the loading cylinder and system of the
valve until the desired setting (relief pressure) is indicated on the
pressure gage.
Loading Procedure:
1. De-energize Solenoid Valve @ (no pressure to Regulator lO ).
2. Close "VENT VALVE" on Relief Valve Loading Block (use
Allen wrench).
3. Open "CYLINDER" and "SUPPLY VALVE" on loading block.
4. Adjust Regulator44 to desired relief valve setting as indicated
by pressure gage on loading block.
5. Close "CYLINDER" and "SUPPLY VALVE" on loading block.
iValve is now loaded and any further adjustment of Regulator @has no
effect on the relief valve loading system.
Unloading Procedure:
'	 Open "CYLINDER" and "VENT VALVE" on loading block.
1. All valves closed and switches in "De-energized" position.
2. Load relief valves.
3. Open gas cylinder valves and control valves O5 .
4. Adjust Regulators @ to approximately the pressure desired at
the pressure gages immediately upstream of the flowmeters.
5. Operate Switch91%to ener i e sole id valves O3 , which loads
the dor e of bothgulators 1 and and causes flow from the
gas cylinders through system into contaminant injector inside cell.
6. Observe and record pressures and temperatures and flowmeter
indications.
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Adjust Control Valves 05 and Regulators4O to achieve the desired
flow rates.
Purging:
1. Unload relief valves.
2. Close all shutoff valves at the gas cylinders,
3. Adjust RegulatorsO4 to a proximately 200 psig as indicated
by gages downstrearn of ;.
4. Open "Purge Valver'" and allow system to purge for an extended
tame span (as time• Allows; 10 to 20 minutes).
r
i
t
i
i
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Appendix B
ASSUMPTIONS FOR THE MOC COMPUTER PROGRAM
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Appendix B
Flowfield data for a 2.667 exit diameter conical nozzle (half angle = 17.8
deg) was generated using Lockheed's Method of Characteristics Computer Pro-
gram. The flow was assumed to be inviscid, irrotational and axially symmetric.
The flow field solution was initiated at the nozzle geometric throat where the
Mach number used was 1.01. A nozzle chamber pressure of 60 psi was used
with the chamber temperature of 540 0R (3000R). The local value of gamma
(ratio of specific heats) was allowed to vary as a function of temperature. The
gas thermodynamic table was obtained by numerically integrating the energy
equation
q	 h
	
q dq 
f 
dh = 0
	
(1)
q0	 h0
and the thermodynamic relation
f
S	 h	 PdPT dS =	 ch - f p	 ( 2)
S	 h	 P0	 0	 0
where
q =	 local velocity
h =	 enthaipy
T O = chamber temperature
T =	 local temperature
S =	 entropy
P O = chamber pressure
P =	 local pressure
p =	 density.
B-1
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a	 Integrated values for the integral of dh were obtained from the National Bureau
of Standards gas tables. Local values of the integral of q dq wert, obtained by
numerical integration. The variable density is replaced by the equation of state
and for one gas table (single entropy table). The left hand side of 2 is zero, so
'	 that the gas tables are completed by integrating for the local pressure.
1
i
l
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Appendix C
OIL FLOW VISUALIZATION METHOD
1
I1
1
LMSC/HREC D148854
Appendix C
The oil flow plates were fashioned in general, from 0.065 in. thick steel.
Each plate was cut to conform to the nozzle slope so that the plate bounded by the
heat shield formed a template about the nozzle. The plate then was attached to
the nozzle near the heat shield by an expandable strip clamp which was silver
soldered to the plate within the cutout.
A plate was prepared by a thorough cleaning with soap and water and
acetone. Next Zyglo Penetrant type ZL-22 was applied to the plate in a pattern
of closely spaced dots. After the test run the oil flow pattern was carefully
blotted to absorb the excess oil. The plate was then sprayed lightly with machin-
ist blue layout dye. The blue dye adhered to the portions of the plate which were
oil free After the dye had hardened the plate was gently wiped to remove the
oil and to provide contrast to the oil pattern/dye background. The plate was then
sprayed with a protective clear acrylic base plastic spray. The plate provided a
ful! size, permanent record of the streamline flowfield patterns from which scale
measurements could be directly made to establish probe angles and to identify
regions of varying degrees of flow activity. The fine detail provided by the oil
flow pattern was not resolved in the dye technique of processing. The oil is
flourescent however, and photographs were made of the plates, prior to the dye
processing, by illuminating the plates with an ultraviolet lamp. The photographs
are shown throughout the report.
t
I
". Magnaflux Type ZL-22 Penetrant, Magnaflux Corporation
C-1
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HOT WIRE INSTALLATION METHOD
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Appendix D
For these tests, the hot-wire is attached directly to the support ther-
mocospie junction. Consequently, the wire support is the support tempera-
ture sensing device. The wire installation technique and the details of the
probe construction are discussed in the following paragraphs.
1
All wires used in the tests are composed of 90% Pt and 10% Rh; wire
diameter, as specified by the manufacturer, is 2 x 10 -4
 in. The wire is
1	 available from the Sigmund Cohn Corporation, Mt. Vernon, N. Y. The
wire, drawn by the Wallaston process, has a silver coating that increases
the outside diameter to 3 x 10 -3 in. The coating provides the Pt-Rh with
tenough rigidity to prevent the wire from being broken or stressed when it
is installed.
The wires are attached to the probe supports with Allstate 430 solder,
which readily wets the stainless steel supports when it is used with the
related flux. (The solder and other materials useful for installing wires are
listed in Table D-1. ) The wires were mounted onto the needle supports by
first removing 1/2 in. or less of wire from its spool and attaching it with a
bit of wax to the end of a No. 20 AWG copper wire. The copper wire which
was about 2 in. long had its opposite end permanently attached to a brass
base which rested flat on the work surface. The brass base weighed about
1
75 grams. The copper wire was then bent so that by slidii:g the brass base,
the silver-coated wire could be brought in contact with the probe needles.
Before the wires were soldered in place, the needles were tinned with the
solder. During the tinning the flux oxidizes and forms a tar residue that can
be removed with an acetone-saturated cotton swab. After both needle supports
^.	 were tinned and cleaned, a small quantity of flux was placed on the tips so
that the capillarity of the flux would hold the wire in place for soldering.
f
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Table D-1
MATERIALS LIST
Low Wattage Miniature Soldering Iron (15 Watt)
Solder,
	
Allstate 430,	 Size 1/32'
Flux No. 430 (Acid)
j Cotton Swabs
Acetone
Red Wax
Swivel Base Bench Vice
' Carbon Paper
High Intensity Lamp
Stereo Microscope (X 120)'
Tweezers
Xacto Knife
iNitric Acid (H2NO3)
Hot Wire Stock
Sewing Needles (Assortment)
Pin Vice
Rubber Cement, General Electric RTV 891
*'Allstate Welding Alloys Co., 	 Inc.,	 P.O.	 Box 350,	 White Plains,
N.Y.
i
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l
The probe was held about 2 in. above the work bench by a bench vise.
Before being soldered, the silver coating was removed by immersing
the wires in an aqueous solution of H 2NO 3 . The coating is removed by
t etching. When the brass base was returned to the work surface, the wire
was translated close to the needle tips by positioning the base until the flux
1	 on the tips secured the Pt-Rh wire by capillary attraction. Finally, heat
was added midway of the exposed needle tip, nearer the wax end of the etched
wire. The soldering iron was not allowed to touch the needle tip directly
s-ncc; the resulting force would cause the probe tip to move relative to the
'	 wire and in some cases bend the thin wire at the separation of the silver
coaced portion with the etched portion. (When the wire is bent, it is best to
begin with another piece of wire rather than to attempt to align the bent wire
with the probe tip. ) Instead, the heat is transferred to the needle through a
globule of molten solder formed on the tip of the soldering iron. The proper
size of the molten globule of solder is about 116 in. and is best formed on
the soldering tip when the tip is slightly oxidized. More often the tip is oxi-
dized Adequately from the flux so that the proper solder "cushion" can be
readily found. When the heat was applied to the needle tip, the solder on the
tip liquified and was drawn into the juncture of the needle tip and Pt-Rh wire.
After the wire is attached to the needle tip nearest the wax end of the etched
wire, it is no longer jeopardized if the brass base is moved. If, however, the
wire is first attached to the needle tip nearest the free end of the etched wire,
the wire will be pulled out of contact with the needle support should the probe
ior wire support base be moved accidentally. After the wire is attached, that
portion which protrudes past the needle span can be broken off by yielding the
wire with a sewing needle until it breaks.
A perfectly straight wire could not be installed on the probe. The wire
always assumed a shape similar to the portion of a sinusoid that approximates
a Gaussian distribution. The shape is generated when the wire is attached
to the second support. When heat is supplied to the second needle, it becomes
longer and the length of the wire attachment is greater than the distance
between the needles when the second needle cools. Because the wire is
D-3
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bowed, it is difficult to determine the wire length optically. Otherwise, the
bow is not objectionable.
Figure D- 1 shows the placement of apparatus during wire installation.
1	 Rubber cement was applied to the juncture of the wire and needles as a fillet
to prevent the wire from fatiguing at the support. The cement reduces the
localized stresses at the juncture due to wire vibration induced by the flow.
The cement was applied to the wire support and then induced with the sewing
needle to the flow about the juncture. The rubber cement fillet should not
extend along the wire more than 0.001 in. and if the cement contacts the wire
at any other portion of its length, the wire should be discarded. The cement
has a short "pot" life in small quantities and must be applied quickly. Before
a wire was calibrated it was annealed so that a relatively stable relation of
tresistance with temperature could be established. The annealing normalizes
the stresses introduced by the drawing process and is a standard procedure
in resistance thermometry. Dewey (Ref. 4) has observed that when the hot
wire is exposed to freestream pressure loads while the wire is at elevated
temperature, that large stepwise increases in resistance occur if the previous
maximum temperature and pressure of operation are exceeded. This "defor-
mation phenomenon" was observed during earlier phases of this test series.
For these tests the wire was annealed by heating the wire to a dull red glow
while it was subjected to an aerodynamic loading greater than that anticipated in
the flow. The loading was accomplished by positioning the wire in a jet of
bone-dry nitrogen flowing at 140 ft/sec and correspond to the pressure exerted
on the wire in a flow of Mach 1.33 at 540 08 with air density at 7.87 x 10-4
lb-ft-3 (P C /po = 21 x 10-4).
In Run 1017-2 (Fig. D-2) a stepwise increase in resistance with tempera-
ture occurred. The wire was exposed to pressure loads based on impact
pressure data greater than that to which it had been subjected during the
calibration. The change, however, is on the order of 0.2% and is not enough
to invalidate the data. The wire used for the 1018 runs also experienced
greater than calibration load. The wire used in the 1018-1, -2, -3 and -4
I
test was operated normal to the Y-Z plane of symmetry (Fig. D-3)
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at Y-Z coordinates where the cross-plane pressure data show pressure
loads on the wire exceeded the calibration value. The wire calibration does
not show stepwise changes in this instance, although runs 1018-4 showed a
change in slope (Fig. D-4).
It typically requires 70 mA to heat a 2 x 10 -4 in. diameter Pt-Rh wire
to a dull glow during the annealing process. (The wire is cooled in the nitro-
gen. ) A typical resistance increase of 2052 occurs. A test, run was made
with the wire inserted in the base region of the five-engine configuration at
Z = 2 in., Y = 3.375 in. where the loading was typical of the calibration
value. (Refer to Fig. 53, for wire position.)
The pressure ratio for the run was 24.7 x 10 -4 . The current was set
alternately to 0.39 mA and 20.4 mA and the respective values of wire resis-
tance were 9.26 and 11.16 . The significance of the test is that the wire
did not reach the annealing temperature for the 20.4 mA current. The
dR/di 2 data were taken at a maximum current of 10 mA. Apparently, step-
wise increases in the resistance/temperature function are caused more from
exceeding the anneal loading than by exceeding the anneal temperature;
although, quantitatively, the effects of the anneal technique on calibration
stability during a series of runs has not been established.
Z he wires were calibrated after being annealed by immersing the probe
ir, water at different temperatures. The pressure loads on the wire due to the
immersion were calculated and were les3 than those imposed on the wire due
to calibration loading. Some of the wires could not be calibrated, i.e., a re-
peated calibration cycle failed to yield a linear variation of resistance vs tem-
perature. The wires were observed with the microscope as they were immersed
in warm (-120 0 F) water. Wires that were slack when they had been installed
stretched taut in the warm water, and, in some instances, they broke. The ob-
vious explanation of the phenomenon is that the epoxy used to anchor the wire
supports (needles) to the probe body, had an undesirable coefficient of expan-
sion and spread the needles to break the wire. If the calibration temperature
was held below 100 0 F, a repeatable calibration was obtained. A temperature
L
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near the ice point was established by placing the probe inside a wire-
reinforced cloth "sock" shield, which was surrounded by chipped ice, in water.
An insulated tin container held the water. The wire temperature was deter-
mined by the support thermocouple which was referenced to an ice junction.
IThe output was amplified with a high-input impedance differential amplifier and
converted to a digital output which provided 500 digital counts per millivolt out-
ptit of the thermocouple. The resolution of the instrumentation was greater
than was required. The thermocouple readout showed that the water provided
a stable calibration temperature which assumed equilibrium near the ice point.
When warm water replaced cold water, the can, water and probe would heat to
' an equilibrium value which remained constant for a long enough period for the
wire resistance to be measured. The water bath was the most expedient cali-
bration method found during the test.
i
Length of the wire must also be determined for each wire. The best
'	 method for determining the length has been to use the manufacturer's quoted
value of resistance per unit length with the calibrated thermal coefficient of
/	 resistivity (a). Attempts were made to determine the wire length with a
i microscope using a calibrated reticule; but the length, based on the resistance-
per -unit -length and 0, were within the accuracy of the optical measurements.
The optical measurements were discarded.
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Appendix E
HOT WIRE PROBE CONSTRUCTION
t
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Appendix E
A segment of hypodermic needle stock 3/8 in. long was beveled at one
end and the sharp edges at the other end were broken smoothly so that the
wires that pass through the needle would not be damaged. The beveled end
was tinned with silver solder and the residual glass (by-product of the solder
flux) was removed. In performing this operation, the needle is held by a pin
wire secured with a bench wire. The flux residue is a low grade glass slag
that can be dissolved in hot water. Thermocouple leads (1.5 x 10 -3 in.
diameter) were passed through the needle and ? in. or less of the teflon
insulation was removed from the end with a heated nichrome wire. There is
not enough vapor from the oxidizing teflon to be harmful. The heat reduces
the teflon insulation to a residue that can be removed with acetone and a
cotton swab. The leads were formed with a sewing needle to maintain the
shape shown in Fig. E-1, with the excess bared wire extending past the end
of the needle. Care was taken that the thermocouple wire touched only at
the needle tip. The thermocouple junction was formed of silver solder
composed of silver filings held in a flux suspension and applied with a hydrogen
"water" torch. After the junction to the needle tip was completed, the end of
the tip was sealed with epoxy. A thermocouple was installed in each needle.
Two No. 32 copper wires are soldered with stainless steel solder to the end of
the needle opposite the junction. After each needle was provided with two
copper wires (one voltage wire and one current wire) all of the wires were
placed in a teflon jacket to protect them as they were pulled through the probe
tube, Fig. E-2. The needles are electrically isolated from the tube and from
each other by a teflon sleeve which covers the copper wire connections and
provides a tip-to-tip distance of about 30 x 10 -2 in. The final tip distance
can set by bending the beveled portion of the probe tube. After the needles
have been pulled into the probe tube, epoxy is drawn into the tube and around
the needles. This can be done by slipping a rubber hose over the lead end
E-1
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(the leads are placed inside the rubber tube) of the probe tube. Epoxy can be
drawn into the probe tube by sucking on the rubber hose. After the epoxy
hardens, the tube is assembled to the probe body and attached with a set
screw (Fig. E-2). The current and voltage wires are attached to a four pin
miniature electrical plug. The pins of the plug are gold plated to reduce
contact resistance. The thermocouple leads are spliced to a larger, more
substantial pair of thermocouple leads which are terminated with a thermo-
couple connector. The space between the four pin plug and the probe body is
filled with epoxy. The epoxy anchors the larger thermocouple wire to the
probe body and seals the thermocouple splice and other leads.
E-2
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Thermocouple
T -^A.
Epoxy Fairing
Silver Solder
NOTE: Shaded Leads are Curre,.it
and Potential Leads (No. 32
awg Copper). Cross Symbols
Indicate Low Temperature
Solder
Prim Excess Lead
after Soldering
Fig. E - 1 - Detail of Needle Construction
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